ABSTRACT SIRT1 has attracted a lot of interest since it was discovered as a mammalian homolog of Sir2, a protein that influences longevity in yeast. Intensive early research suggested a key role of SIRT1 in mammalian development, metabolic flexibility and oxidative metabolism. However, it is the growing body of transgenic models that are allowing us to clearly define the true range of SIRT1 actions. In this review we aim to summarize the most recent lessons that transgenic animal models have taught us about the role of SIRT1 in mammalian metabolic homeostasis and lifespan.
INTRODUCTION
SIRT1 (EC ¼3.5.1.-) is a NAD þ -dependent protein deacetylase and the best studied mammalian homolog of the yeast enzyme Sir2, a protein with an established capacity to influence yeast replicative lifespan [1] . Consequently, the initial interest in SIRT1 spread rapidly due to its possible role in eukaryote lifespan regulation. While the role of SIRT1 in mammalian lifespan is still a matter of debate [2] , we will review below the evidence from animal models suggesting that SIRT1 plays key roles in metabolic regulation and adaptation. This, in turn, impinges on the likelihood/tendency of organisms to develop metabolic and age-related diseases, including insulin resistance, cancer and neurodegeneration.
SIRT1 WHOLE BODY GAIN-OR LOSS-OF-FUNCTION
Despite conflicting results on whether SIRT1 homologs truly enhance longevity in lower eukaryotes [2] , it seems clear that SIRT1 overexpression does not enhance maximal lifespan in mice under regular food regimes [3] . However, SIRT1 transgenic mice are protected against the metabolic damage induced by high-fat diets (HFD) [4, 5] . For the moment, whether whole-body SIRT1 overexpression can also prevent the shortening of lifespan generally observed upon high-fat feeding [6, 7] remains to be explored. The first SIRT1 gain-of function model displayed several features resembling calorie restriction (CR): the transgenic mice were leaner, metabolically more active, and had improved glucose tolerance [8] . Two additional SIRT1 transgenic lines were later generated. Both of them concluded that mild overexpression of SIRT1 (2-to 4-fold higher, depending on the tissue) prevented HFD-induced glucose intolerance, insulin resistance and hepatic steatosis, despite no significant alteration in body weight [4, 5] . More recent efforts have also shown that mice with higher global SIRT1 overexpression have enhanced mitochondrial content and display greater mitochondrial function in skeletal muscle [9] . This feature could provide an interesting mechanism to explain the protective metabolic phenotypes observed. However, the link between SIRT1 gain-of-function and mitochondrial biogenesis is not clear in vivo, as no enhanced mitochondrial gene expression was observed in the skeletal muscle of other whole-body SIRT1 transgenic lines [4, 10] . One of the major caveats of the gain-of-function approaches is that higher SIRT1 expression does not necessarily result in increased SIRT1 activity. This has been demonstrated recently in models of aging, where reduced availability of NAD þ (the essential cosubstrate for the sirtuin catalytic reaction) compromises SIRT1 activity, despite higher SIRT1 content [11] . The presented observations have fueled an interest in understanding how the deletion of SIRT1 impacts global metabolic homeostasis. This has proven a nontrivial task. Whole-body deletion of SIRT1 leads to elevated prenatal death in inbred mice [12, 13] . The few pups born displayed marked cardiac and neurological problems, leading to death very early in the postnatal period [12, 13] . In order to bypass this situation, SIRT1 deletion was performed in outbred mice. These mice were viable, but smaller, and displayed a marked metabolic inefficiency [14] . SIRT1 deficient mice were lethargic, ate more and had higher oxygen consumption [13] . This metabolic inefficiency impaired their ability to metabolically adapt to CR [14] . Recently, an elegant model has been developed in order to genetically ablate SIRT1 exclusively in adulthood [9] . The deletion of SIRT1 in adult mice did not result in any overt phenotype. Similarly, there were no obvious differences between SIRT1 knock-out (KO) and wild-type (WT) mice on most metabolic parameters, although weight gain was slightly lower in the KOs when placed on a HFD [9] . Another model worth discussing is the SIRT1 heterozygous mouse. Heterozygous SIRT1 KO mice were normal in body weight, fat content, and lean body mass relative to their WT littermates [15] . Accordingly, they did not display any remarkable difference in a series of histologic and gene expression analyses. However, when placed on HFD these mice were more prone to develop hepatic steatosis and metabolic damage [15, 16] . Overall, these models provide conclusive evidence that SIRT1 deletion leads to inefficient metabolism. While this does not manifest into an overt phenotype when fed regular diets, it renders mice more prone to metabolic complications upon dietary challenges. Conversely, whole body SIRT1 overexpression confers protection against HFD-induced insulin resistance [4, 5] , mostly by maintaining the ability of insulin to block hepatic glucose production [5] . In order to gain knowledge on the role of SIRT1 in particular tissues and their contribution to metabolic impairment, several tissue-specific SIRT1 deficient mouse models have been generated.
LIVER-SPECIFIC SIRT1 MODELS
The liver plays a central role in the maintenance of blood glucose levels in the fasting state as well as in the regulation of cholesterol and lipid homeostasis. Early hypotheses proposed that SIRT1 could potentiate gluconeogenesis by directly deacetylating and enhancing the transcriptional activity of the Peroxisome Proliferator-activated Receptor (PPAR) gamma coactivator 1α (PGC-1α) or the Forkhead O-box protein 1 (FoxO1) transcription factor, both considered key positive controllers of the gluconeogenic transcriptional program [1] . To date, a number of independent liver-specific SIRT1 KO mice have been generated. Surprisingly, none displayed reduced fasting glycemia [17] [18] [19] [20] . In fact, one model exhibited a tendency towards hyperglycemia even on chow diet with elevated glucose production upon fasting [17] . This is in stark contrast to earlier work using adenoviral-mediated hepatic SIRT1 overexpression which suggested that higher SIRT1 levels should promote hyperglycemia [21] . These results, however, have been recently challenged by findings indicating that liver overexpression of SIRT1 ameliorates hyperglycemia in insulin resistant mouse models [22] . Similarly, mice with global overexpression of SIRT1 do not show signs of hyperglycemia and are protected against glucose intolerance when fed high caloric diets [4, 5] . Altogether, these observations indicate that SIRT1 is not in itself linked to enhanced hepatic glucose production, even if in some scenarios this might be the case. Rather, the transgenic mouse models suggest that SIRT1 activation generally leads to an attenuation of the gluconeogenic rate. Indeed, detailed time-course analyses during the fasting period revealed that SIRT1 activation occurs during rather late phases (24 h), and that SIRT1 activation leads to the deacetylation and degradation of the cAMP response element binding protein (CREB) regulated transcription coactivator 2 (CRTC2), which attenuates gluconeogenesis to a sustainable rate for extended periods [23] . Given the powerful ability of SIRT1 to enhance PGC-1α activity [24] and of PGC-1α to enhance gluconeogenesis [25, 26] , how come SIRT1 gain-of-function models do not show enhanced gluconeogenic rates? It might be that PGC-1α actions on gluconeogenic gene expression are also tightly regulated. PGC-1α regulation in the liver does not always correlate with gluconeogenic gene expression [27] . Similarly, activation of the AMP-activated protein kinase (AMPK) enhanced PGC-1α deacetylation in the liver, but blocked simultaneously gluconeogenic gene expression (Canto C and Johan Auwerx, unpublished observations [28] ). Therefore, physiological increases in PGC-1α activity in the liver might not necessarily be linked to the induction of gluconeogenic gene expression, even if PGC-1α harbors this potential when combined with certain stimuli (e.g: cAMP signaling [25] ) or when bound to specific transcription factors, such as FOXO1 [29] or HNF-4α [26, 30] . Despite the apparent confusion regarding the impact of SIRT1 on liver glucose metabolism, most studies broadly agree that SIRT1 activation enhances oxidative metabolism in liver. The knock-down or genetic ablation of SIRT1 in liver induces hepatic lipid accumulation by upregulating the expression of lipogenic genes and reducing fatty acid oxidation [16, [19] [20] [21] . This renders SIRT1 deficient livers more sensitive to HFD-induced hepatic steatosis [19] . Conversely, SIRT1 overexpressing mice are protected against hepatic lipid accumulation and inflammation when fed a HFD [22] . Strikingly, one of the liver-specific KO models displayed the unusual feature of being protected against hepatic steatosis [18] . The reasons for such a discordant observation in this model are not yet clear, but might arise from the different mixed background strains used in these reports. At the molecular level, SIRT1 might enhance oxidative metabolism and prevent hepatic lipid accumulation through the activation of PGC-1α [21] . This is not surprising, as PGC-1α is a key downstream deacetylation target of SIRT1 in the regulation of mitochondrial and fatty acid oxidation gene expression. At the same time, SIRT1 positively controls fatty acid oxidation though PPARα activation [19] . The nuclear receptor PPARα regulates lipid metabolism, and more particularly, gene expression implicated in β-oxidation. In SIRT1 deficient livers, PPARα agonists fail to promote the expression of PPARα target gene [19] . Mechanistically, it was elegantly demonstrated that SIRT1 binds to the ligand-and DNAbinding domains of PPARα. Consistently, SIRT1 was found to be present on the promoter of PPARα-target genes [19] . Colocalisation with SIRT1 facilitates the efficient deacetylation of PGC-1α, which can then coactivate PPARα. In the absence of SIRT1, PGC-1α remains associated in a constitutively hyperacetylated state, which dampens PGC-1α coactivating activity [24] and blunts PPARα transcriptional activation. Conversely, SIRT1 inhibits lipogenic gene expression by acting as a negative regulator of the Sterol Regulatory Element Binding Protein (SREBP)-1c [21, 31, 32] . SREBP-1c is a transcription factor that promotes the expression of lipogenic and cholesterogenic genes in order to facilitate fat storage. The deacetylation of SREBP-1c by SIRT1 renders the protein susceptible to ubiquitin-mediated degradation [31] . Hence, SIRT1 activation leads to decreased SREBP-1c protein levels. This results in decreased occupancy of SREBP-1c on the promoter of lipogenic genes and a concomitant reduction in their expression levels [31, 32] . Finally, the transgenic mouse models also support a role for SIRT1 in cholesterol homeostasis. SIRT1 liver-specific KO mice display decreased hepatic expression of genes involved in reverse cholesterol transport [33] . This is consistent with the reduction of blood cholesterol levels in SIRT1 overexpressing livers [8, 21] . Indeed, SIRT1 has been shown to modulate cholesterol metabolism in vivo though positive regulation of the Farnesoid X receptor (FXR) and the Liver X receptors (LRX), LXRα and LXRβ [33, 34] . In the case of FXR, SIRT1 can directly deacetylate Lys 157 and Lys 217 [34] . Down regulation of hepatic SIRT1 increases FXR acetylation, which inhibits its heterodimerisation with the Retinoid X receptor (RXR)α and therefore, its transcriptional activity [34] . Hence, SIRT1 deletion in liver is sufficient to downregulate FXR-related transcriptional programs and lead to the formation of cholesterol gallstones [35] . As for LXR, ligand binding promotes the interaction with SIRT1 and subsequent deacetylation on Lys 432 (LXRα) and on Lys 433 (LXRβ), promoting their activation [33] . As a result, LXR targets are only partially activated in SIRT1 liver-specific KO mice on HFD, a condition where LXRs are highly active [18] . Accordingly, the knockdown of SIRT1 in liver also leads to decreased expression of CYP7A1, a bona-fide LXR target [21] . It is worth mentioning that LXRs are also a potent inducer of lipid anabolism by increasing SREBP-1c activity [36] . However, SIRT1 can deacetylate SREBP-1c resulting in proteasomal degradation [31] . Therefore, SIRT1 activation might promote the beneficial effects of LXR activity on cholesterol homeostasis while preventing the detrimental effects on lipid anabolism by deacetylating SREBP-1c. Altogether, most approaches indicate that SIRT1 overexpression improves cholesterol metabolism and prevents hepatic steatosis, while SIRT1 deletion in the liver favors lipid accumulation (Figure 1 ). In light of the phenotypes of the liver-specific SIRT1 KO mice, it was surprising to find that whole body SIRT1 overexpressing mice developed worse lipid profiles and larger atherosclerotic lesions than WT counterparts when placed on an atherogenic diet [37] . While it is puzzling that this was not observed in any of the above described models, it should draw attention to potential contraindications for the therapeutic use of SIRT1 activators under certain dietary conditions.
SIRT1 AND SKELETAL MUSCLE METABOLISM
4.1. SIRT1 and skeletal muscle development Initial clues to the possible roles of SIRT1 in skeletal muscle were obtained when SIRT1 was identified as a negative myogenic regulator. Overexpression of SIRT1 impaired myotube formation while decreased SIRT1 triggered premature differentiation [38] . Mechanistically, this effect was explained through the ability of SIRT1 to repress the muscle transcriptional regulator MyoD, a critical determinant of skeletal muscle differentiation [38] . SIRT1 is also a key mediator by which nutrient restriction impairs muscle differentiation. Glucose starvation promotes the activation of AMPK which results in increased expression of nicotinamide phosphoribosyltransferase (Nampt) and supply of NAD þ to support SIRT1 activity [39] . However, while SIRT1 can act as a myogenic regulator in cultured myocytes, this does not appear to be relevant in vivo, as mice overexpressing or lacking SIRT1 in skeletal muscle do not display any overt muscle developmental phenotype compared to wild-type mice [40] [41] [42] .
4.2. SIRT1 and mitochondrial biogenesis SIRT1 has been described many times as a key regulator of mitochondrial biogenesis through the deacetylation of PGC-1α (for review, see [43] ). For example, PGC-1α becomes deacetylated in skeletal muscle during fasting [44] . In cultured C2C12 cells, SIRT1 activation is required for PGC-1α-mediated induction of mitochondrial and fatty acid oxidation gene expression in response to nutrient depletion [44] . Similarly, PGC-1α becomes deacetylated after a bout of exercise [45] . AMPK is a master regulator of mitochondrial biogenesis [28] and seems to play a key role in triggering SIRT1 activity during energy stress in skeletal muscle. Indeed, the activation of SIRT1 in response to nutrient or energy deprivation depends on AMPK activation, both in vitro [39, 46] and in vivo [46] . The link between AMPK and SIRT1 activities can be at least partially explained by two complementary mechanisms. Firstly, AMPK activation enhances NAD þ availability both in cultured myocytes [39, 45] and skeletal muscle [45] . The increase in fat oxidation rates induced by AMPK permits an increase in NAD þ that is sufficient to activate SIRT1 in a relatively short time frame [45] . Additionally, AMPK triggers Nampt expression, which helps maintain a more sustained increase in NAD þ [39, 45] . As an alternative possibility, it has been recently proposed that AMPK might phosphorylate SIRT1, disrupting the interaction with its negative regulator, Deleted in Breast cancer 1 (DBC1) [47] . However, the direct phosphorylation of SIRT1 by AMPK has not been observed previously by other labs [45, 48] , and the residues reported are poorly conserved, with poor adherence to the AMPK consensus motif. In an interesting twist, SIRT1 has also been proposed to modulate AMPK activity. Silencing SIRT1 prevented the activation of AMPK by diverse polyphenols in HepG2 cells [49] . Conversely, SIRT1 overexpression enhanced AMPK activity both in HepG2 cells and liver [49] . It was, hence, exciting to see that LKB1, the main upstream kinase for AMPK activation in skeletal muscle [50] , was an acetylated protein in cultured cells and rodent tissues [51] . Acetylated LKB1 failed to shuttle from the nucleus to the cytoplasm. Upon deacetylation by SIRT1, LKB1 shuttled more efficiently to the cytoplasm, binding STRAD and MO25 and forming this way an active kinase complex [51] . Consequently, SIRT1 could potentially modulate AMPK activity by influencing the activity of LKB1. Recent evidence in C2C12 myotubes, primary hepatocytes and primary myoblasts supported this hypothesis by demonstrating that resveratrol and AICAR failed to stimulate AMPK in when SIRT1 was reduced by genetic knockdown or ablation [9] . Several observations, however, still result controversial, at least in the context of muscle physiology. First, slight modulations of LKB1 activity are unlikely to be limiting for AMPK activation: a $50% reduction in LKB1 activity in skeletal muscle does not affect basal or AICAR-stimulated AMPK activity, and even hypomorphic mice with 10-fold lower LKB1 activity retain a significant ability to activate AMPK [50] . Second, specific SIRT1 deletion or overexpression in skeletal muscle does not lead to differences in basal AMPK activity or in its potential activation by exercise, AICAR or dietary restriction [40, 42, 52] . Finally, other labs have reported an intact ability of resveratrol or AICAR to stimulate AMPK in MEFs or in C2C12 myotubes defective for SIRT1 activity [45, 53] . Overall, the above observations testify for a complex relationship between AMPK and SIRT1, where both might influence each other activities and where particular aspects of this co-regulation might depend on the tissue examined and the dosing of the pharmacological activator used [9, 54, 55] . Considering the spectrum of substrates described for SIRT1 in skeletal muscle ( Figure 2 ), one would expect that SIRT1 transgenesis would increase mitochondrial biogenesis in skeletal muscle. In line with this, global SIRT1 transgenic mice, with significant skeletal muscle overexpression of SIRT1, have been shown to display higher mitochondrial content [9] . This, however, contrasts with the lack of higher mitochondrial-related gene expression observed upon moderate SIRT1 overexpression [4, 10] . Similarly, forced overexpression of SIRT1 through electroporation methods did not lead to increased mitochondrial content in rat muscle [56] . Interestingly, muscle-specific SIRT1 overexpressing mice have recently been generated [40] . Despite displaying 4 100-fold higher SIRT1 levels in skeletal muscle, these animals do not show any major phenotype at the level of energy expenditure or fat oxidation [40] . While mitochondrial content does not necessarily affect basal energy expenditure or fat oxidation rates, it will be important to evaluate muscle mitochondrial content in the muscle-specific SIRT1 overexpressing mice in order to judge whether the increases observed in Price et al. [9] are due to a muscle-autonomous function of SIRT1 or not. Supporting a role for SIRT1 in muscle mitochondrial biogenesis, global deletion of SIRT1 in adulthood led to markedly impaired mitochondrial function [9] . In line with this, muscle-specific ablation of SIRT1 leads to a slight impairment in mitochondrial function [41] , even though this was not clearly observed in another study using a similar mouse model [52] . The reason for this discrepancy might arise from the different Cre lines used to ablate the Sirt1 gene in muscle. In both mouse models, the deletion of SIRT1 in skeletal muscle, however, did not have a major effect on energy metabolism of mice on regular diet [41, 42] . Altogether, the muscle-specific mouse models indicate that the overexpression or deletion of SIRT1 does not have any major impact on muscle function in young, lean mice on the basal state.
4.3. SIRT1 and muscle insulin sensitivity SIRT1 gain-of-function has been associated to higher glucose tolerance and insulin sensitivity [4, 5] , but, what is the contribution of skeletal muscle to this effect? Most evidence to date indicates that the contribution of muscle to this effect might be negligible. Musclespecific overexpression of SIRT1 did not lead to enhanced insulin sensitivity [40] . This indicates that the enhancement of insulin sensitivity observed in whole-body SIRT1 overexpressing mice might stem from effects on other key tissues determining insulin sensitivity. In line with this, clamp studies indicate that the improvement in glucose homeostasis seen in SIRT1 transgenic mice on HFD are mostly due to increased hepatic insulin sensitivity rather than an increase in insulinstimulated glucose disposal [5] . A key element to take into account, however, is that the higher insulin sensitivity reported for SIRT1 transgenic mice has been shown in mice on HFD [4, 5] , not on young, lean mice, as tested on the SIRT1 muscle-specific overexpressing mice [40] . However, supporting a lack of major effect of SIRT1 in skeletal muscle insulin sensitivity, the genetic ablation of SIRT1 in skeletal muscle did not affect whole body glucose disposal rates or insulin-stimulated glucose uptake in muscle in mice fed ad libitum [42] . Altogether, the evidence obtained in mouse models does not seem to indicate that skeletal muscle SIRT1 has an influence on insulin sensitivity and whole body glucose tolerance.
4.4. SIRT1 and the metabolic adaptations to nutrient/energy stress A second concept originating from cell-based assays would be that SIRT1 deficient mice might display impaired adaptation to nutrient and energy stress. In line with this, muscle-specific SIRT1 KO mice failed to become more insulin sensitive upon CR [42] . CR increases SIRT1 deacetylase activity in skeletal muscle, in parallel with enhanced insulin-stimulated phosphoinositide 3-kinase (PI3K) signaling and glucose uptake [42] . These adaptations were completely abrogated in mice lacking SIRT1 deacetylase activity in muscle [42] . Mechanistically, this could be explained by various reasons. First, SIRT1 was found to be required for the deacetylation and inactivation of the transcription factor Stat3 during CR, which resulted in decreased gene and protein expression of the p55α/p50α subunits of PI3K, thereby promoting more efficient PI3K signaling during insulin stimulation [42] . Alternatively, SIRT1 has also been demonstrated to be a repressor of the protein tyrosine phosphatase 1B (PTP1b), a major tyrosine phosphatase for the insulin receptor and the insulin receptor substrate proteins, IRS1 and IRS2 [57] . Therefore, it is likely that SIRT1 deficient muscles also display higher PTP1b activity, which would also antagonize the augmentation of insulin signaling in response to CR. These results clearly support the notion that SIRT1 is key for metabolic adaptations triggered by nutrient deprivation in skeletal muscle ( Figure 2 ). The effects of CR on insulin sensitivity are not, however, enhanced by musclespecific overexpression of SIRT1 [40] . This might indicate that SIRT1 is required for the enhancement of insulin sensitivity induced by CR, but that the endogenous levels of SIRT1 are sufficient to maximize these effects. Given the role of skeletal muscle SIRT1 in CR-induced adaptations, it was surprising to see that SIRT1 deficiency in skeletal muscle did not impair exercise training-induced metabolic adaptations [41, 52] . However, exercise is a complex stimulus, affecting multiple pathways with likely redundant functions. Strikingly, PGC-1α was normally deacetylated in response to exercise, despite the lack of SIRT1 [52] . To solve this paradox, it was proposed that muscle contraction decreases the interaction of PGC-1α with the acetyltransferase enzyme, GCN5 [52] . This way, PGC-1α deacetylation upon exercise would not be a consequence of enhanced deacetylation, but of decreased acetylation rates. Interestingly, it was recently found that resveratrol had synergistic effects with exercise on muscle mitochondrial biogenesis [41] . While the effect of exercise on mitochondrial biogenesis was independent of SIRT1, the synergy with resveratrol was lost on SIRT1 muscle-specific KO mice [41] . Altogether, these results indicate that the absence of SIRT1 in skeletal muscle does not lead to any major defect in the basal state. While skeletal muscle SIRT1 is required for CR-induced adaptations at the level of insulin sensitivity, it seems dispensable for the benefits of other interventions such as exercise training.
SIRT1 ROLES IN ADIPOSE TISSUES

White adipose tissue
White adipose tissue (WAT) is an important organ for the regulation of metabolic homeostasis, as it is the major fat depot in mammalian organisms. Fat storages are dynamically regulated in WAT. Lipolytic or lipogenic processes can be activated in response to nutrients and hormones [58] . Importantly, WAT also has critical actions as an endocrine tissue, by secreting hormones and cytokines, such as leptin, adiponectin or tumor necrosis factor α (TNFα), that affect insulin sensitivity, inflammation and, therefore, have major consequences on metabolic homeostasis [58] . One of the critical regulators of fat storage in WAT is the nuclear receptor PPARγ, whose activity promotes adipocyte differentiation and lipid anabolism [58] . A possible role of SIRT1 in WAT homeostasis was evidenced when it was found that SIRT1 could act as a PPARγ repressor [59] . During fasting, SIRT1 associated with PPARγ and promoted the binding of the nuclear receptor corepressor 1 (NCoR1) [59] . This favored fat mobilization instead of storage. A complementary study demonstrated that SIRT1 could repress PPARγ transcriptional activity on target lipogenic genes directly through deacetylation [60] . Ablation of SIRT1 in adipose tissue promotes body weight gain, mostly due to an increase in fat mass. The size of individual adipocytes was larger than in control mice, even on chow diet [61] . Altogether, this renders the adipocytespecific SIRT1 KO mice prone to develop insulin resistance. Importantly, it has been described that obesity results in decreased SIRT1 levels, both in rodent and human adipose tissue [61] [62] [63] . The reason for this decrease might rely on the fact that obesity triggers the cleavage of SIRT1 through a caspase-1 dependent mechanism [61] . This cleavage renders SIRT1 prone to degradation, thereby decreasing SIRT1 activity.
Further confirming the key role of SIRT1 in adipose tissue homeostasis, a recent manuscript described how adipose-specific overexpression of human SIRT1 protects mice against age-related glucose intolerance [64] . This effect was concomitant with a prevention of fat accumulation in peripheral tissues and a higher ability of WAT to trigger lipolysis and fat oxidation [64] . Therefore, both the adipose tissue-specific overexpression and deletion models confirm that SIRT1 has a major role in preventing excessive fat accumulation and enhancing the ability of the tissue to respond to lipolytic stimuli ( Figure 3) . A caveat of both models resides in the use of the aP2-Cre line as a driver for recombination, as several reports indicate that this line leaks Cre recombinase expression into other tissues, including endothelial cells, brain, liver and skeletal muscle [65, 66] . Hence, work with other Cre lines will be necessary to fully certify SIRT1 actions in adipose tissue. Interestingly, the marked decrease in fat mass observed in adiposetissue specific SIRT1 overexpressing mice was not observed in global SIRT1 overexpressing models. Indeed, two of the SIRT1 overexpressing models do not show any apparent difference in fat mass [4, 5] , while a third reported only a modest reduction [8] . The differences between the three models might stem from the different overexpression levels and sites. In the models produced by the Serrano and Accili labs [4, 5] , there is a mild whole body overexpression, while in the models reported by Bordone et al. the overexpression is present in adipose tissues and brain, but not in skeletal muscle or liver [8] .
Adipose tissue inflammation is believed to be a hallmark of whole body insulin resistance. All animal models examined to date suggest a protective role of SIRT1 in adipose tissue inflammation [61, 63] . SIRT1 represses the expression of genes implicated in inflammation in adipocytes [67] . Adipose-specific SIRT1 KO mice displayed increased macrophage recruitment to adipose tissue [63] . In line with these studies, overexpression of SIRT1 prevents against adipose tissue macrophage accumulation caused by HFD [63] . Importantly, it has also been shown in humans that SIRT1 mRNA levels are inversely related to adipose tissue macrophage infiltration in sub-cutaneous fat [63] .
Brown and beige adipose tissue
Brown adipocytes are characterized by the expression of mitochondrial uncoupling protein 1 (UCP1), which allows dissipation of energy as heat for thermogenesis [58] . It has become apparent that brown adipocytes in different depots might derive from independent precursors. Hence, brown adipocytes located in the prototypical interscapular brown adipose tissue (BAT) seem to have a common precursor with skeletal muscle cells [68] . In contrast, brown adipocytes residing in WAT share a precursor with white adipocytes and have an intermediate phenotype between canonical brown and white adipocytes, hence their designation as brite or beige adipocytes [69] . In response to adrenergic stimulation or cold exposure, white adipocytes can also obtain brown adipocyte-like characteristics, turning into beige adipocytes [58, [69] [70] [71] [72] . The binding of PGC-1α to PPARγ promotes brown adipocyte-like features in white adipocytes though an upregulation of brown-adipocyte specific genes, such as UCP1, and a down-regulation of white-adipocyte specific genes [72] . Adipose tissue specific SIRT1 KO mice display both enhanced WAT and BAT mass, due to enhanced fat accumulation [61] . Given the ability of SIRT1 to increase PGC-1α activity and lipid oxidation, SIRT1 activation might prevent excessive accumulation of fat in adipocytes by boosting fat consumption and enhancing thermogenic function. Indeed, a recent study has demonstrated a role for SIRT1 in the "browning" of WAT.
Overexpression of SIRT1 results in a down-regulation of WAT specific genes in WAT depots and up-regulates BAT characteristics, while SIRT1 deletion has the opposite effect [60] . This is mediated by SIRT1-dependent deacetylation of PPARγ which facilitates the recruitment of PRDM16, a transcriptional coregulator that drives the BAT adipogenic program [73] . Consequently, mice overexpressing SIRT1 have a more potent induction of a BAT-like phenotype of subcutaneous WAT upon cold exposure [60] . Overall, while we are just beginning to understand the influence of SIRT1 on adipose tissue homeostasis, it seems clear that SIRT1 exacerbates the induction of lipid mobilization and WAT-browning effect induced by cold exposure (Figure 3) . Therefore, SIRT1 activation in the adipose tissue could protect against metabolic diseases by enhancing energy expenditure and favoring thermogenic function. A limitation for these studies has been the absence of a proper Cre-line to drive recombination specifically in brown adipocytes. Such a model has been recently reported [74] and might enhance our understanding of the role of SIRT1 in canonical brown fat.
SIRT1 AND THE ENDOCRINE PANCREAS
Pancreatic β-cells play a central role in the regulation of glucose homeostasis by secreting insulin in response to elevated glucose levels. Initial data from transgenic models proposed that SIRT1 positively controls glucose stimulated insulin secretion (GSIS). Overexpression of SIRT1 specifically in pancreatic β-cells is sufficient to improve glucose tolerance and insulin secretion in response to glucose or depolarization (KCl) [75] . In line with this model, GSIS is blunted in islets from SIRT1 KO mice or in β-cells where SIRT1 has been knocked down by siRNAs [76] . Both studies propose that SIRT1 improves GSIS though the downregulation of mitochondrial uncoupling protein 2 (UCP2). This would enhance ATP production in response to elevated glucose levels. Along this line of reasoning, β-cell specific overexpression of SIRT1 alone prevents HFDinduced glucose intolerance. The beneficial effects of SIRT1 on insulin secretion, however, are progressively diminished upon aging and completely lost at 18-24 months [77] . This was explained by a decrease of NAD þ availability in aged tissues, which could potentially limit the activity of SIRT1. Supporting this hypothesis, increasing NAD þ by nicotinamide mononucleotide (NMN) supplementation rescues the benefits of β-cell SIRT1 overexpression in aged mice [77] . In line with the beneficial effects of SIRT1 on pancreatic function, SIRT1 activation could also be a promising strategy to prevent the deleterious effects of lipotoxicity on insulin secretion and β-cell function [78] . The requirement of SIRT1 for proper adult pancreatic β-cell function was finally consolidated by a recent report using floxed SIRT1 mice crossed with the Pdx1-CreER deleter strain [79] . In line with previous findings, SIRT1 deficiency impaired insulin secretion by disrupting glucose sensing [79] . There were no apparent defects in insulin content or β-cell mass upon the deletion of SIRT1, but they failed to properly respond to fluctuations in glucose levels [79] . Importantly, the lack of response did not stem from enhanced Ucp2 expression or mitochondrial uncoupling, but from impaired overall mitochondrial function, which decreased the ability of mitochondria to synthesize ATP in response to a glucose load [79] . Pancreatic β-cell function can be also influenced by controlling β-cell mass, determined by the balance between apoptotic, proliferative and neogenic processes. Pancreatic β-cell mass and β-cell area are unchanged in β-cell specific SIRT1 overexpressing mice as well as in heterozygous and homozygous SIRT1 KO mice [75, 76] . The lack of effect of SIRT1 on pancreatic β-cell mass, however, has been recently challenged by a few observations. Firstly, deletion of the poly(ADPribose) polymerase (PARP)-2 gene leads to a constitutive increase in SIRT1 expression in many tissues, including pancreas [80] . PARP-2 À / À mice display marked glucose intolerance despite being more insulin sensitive [80] . Explaining this, GSIS is dramatically impaired in PARP-2 deficient mice. Upon close examination β-cell mass was significantly reduced in PARP-2 À / À mice, and failed to proliferate upon high-fat feeding, augmenting HFD-induced glucose intolerance [80] . Mechanistically, it was proposed that higher SIRT1 activity led to a constitutive deacetylation and activation of FoxO1. In turn, FoxO1 is a negative regulator of β-cell expansion through repression of the pancreatic and duodenal homobox 1 (PDX1) transcription factor, which is a critical regulator of β-cell proliferation and differentiation [81] . Accordingly, the expression of PDX1 and its target genes was dramatically reduced in PARP-2 deficient mice [80] . Likewise, GLP-1 positively influences β-cell proliferation by disrupting the association between FoxO1 and SIRT1 [82] . This promotes FoxO1 hyperacetylation and nuclear exclusion, thereby relieving the repression of pancreatic β-cell proliferation. This constitutes another example where SIRT1 is also regarded as a negative regulator of β-cell mass and where SIRT1 inhibition might actually be beneficial to enhance β-cell function. These seemingly opposite effects might have an explanation. While chronic activation of SIRT1 can be deleterious for β-cell expansion, SIRT1 might be required for the appropriate protection and adaptation of β-cells to oxidative stress and inflammation. Indeed, SIRT1 has been shown to be protective against cytokine induced β-cell toxicity [83] . This way, SIRT1 might have both protective and detrimental roles on β-cell function, depending on the timing and flexibility of its activation. Therefore, therapeutic approaches aimed to increase SIRT1 activity in β-cells should take into account this delicate balance.
SIRT1 AND FOOD INTAKE BEHAVIOR
Hypothalamic neurons are able to detect changes in circulating hormones and nutrients and respond to these changes by secreting several hunger/ satiety hormones such as the α-melanocyte-stimulating hormone (α-MSH) or the agouti-related protein (AgRP). The pro-opiomelanocortin (POMC) expressing neurons and AgRP expressing neurons in the hypothalamus constitute central nodes in the regulation of feeding behavior and energy expenditure. POMC neurons promote satiety through the release of α-MSH, which is a ligand for melanocortin-4 receptor (MC4R) bearing neurons. Conversely, AgRP is an antagonist for the MC4R and promotes food intake in response to fasting or CR [84] . SIRT1 is highly expressed in the arcuate nucleus (ARC), where we find AgRP and POMC neurons, and in the ventromedial nuclei (VMN), where we find the MC4R neurons [85, 86] . Selective deletion of SIRT1 in AgRP neurons is sufficient to decrease food intake due to impaired MC4R antagonism [87] . This result suggests that SIRT1 activity in this neuronal population might be required to increase food intake in situations of nutrient deprivation. Strikingly, no effects on food intake where observed when SIRT1 gene was deleted in POMC neurons [88] . However, mice lacking SIRT1 in POMC neurons were prone to obesity upon high-fat feeding. This effect, however, does not seem to stem from the control of food intake behavior but, rather, by indirectly decreasing the metabolic rate of peripheral tissues [88] . Whole brain overexpression of SIRT1 enhances ambulatory activity in response to CR [86] . Oppositely, whole brain deletion of SIRT1 prevents the increase in activity generally triggered by CR [89] . This observation suggests SIRT1 could play a role in the control of pituitary hormones and consequently have metabolic effects in response to different dietary challenges. Again, this highlights how SIRT1 might be activated upon nutrient scarcity and promotes adaptations aimed to enhance food foraging behavior. However, one should be cautious when extrapolating these results to the human scenario, given the very different feedingrelated behaviors in both species. Furthermore, it has been recently proposed that whole brain overexpression might actually extend lifespan and delay aging, even though this might depend on a delicate balance between the levels of SIRT1 overexpression in different brain regions [90] . This balance between SIRT1 activities in different brain regions, at the same time, might explain why the brain-specific SIRT1 overexpressing mice, but not the global SIRT1 overexpressing mice, display lifespan extension. Furthermore, the regulation of endogenous SIRT1 activity in the hypothalamus remains unclear. While SIRT1 expression and activity might be modulated by food intake, a couple of studies have led to apparently opposite conclusions. On the one hand, it was reported that fasting increased SIRT1 activity in the hypothalamus, inducing the deacetylation of FoxO. This, in turn, repressed POMC neurons and enhanced AgRP expression, promoting food intake [91] . Another study, however, demonstrated that hypothalamic SIRT1 protein levels decrease during fasting [92] . In this case, the authors argue that SIRT1 inhibits FoxO1-dependent expression of AgRP and consequently leads to the cessation of feeding [92] . While these two studies illustrate the relevant nature of the SIRT1-FoxO1 axis for the regulation of food intake, the intricacy of the system and apparently opposite observations need to be resolved. Recent reports have indicated that SIRT1 might also influence circadian rhythm regulation and as a result, indirectly impact on metabolic health and the aging process [93] .
SIRT1 IN PHYSIOLOGY: COMPARING AND CONTRASTING DIFFERENT APPROACHES
Our knowledge of the physiological roles of SIRT1 arises not only from direct genetic manipulations of the SIRT1 gene, but also through the modulation of SIRT1 activity by multiple means.
Pharmacological approaches
A number of compounds have been used as SIRT1 activating compounds (STACs), even though their specificity has been long debated [1, 94] . A recent publication has suggested that STACs can directly influence the activity of SIRT1 through a specific residue, Glu 230 for human SIRT1 [95] . However, this mechanism for direct activation of SIRT1would only affect a subset of substrates with specific structural requirements [95] and would not explain the effects of STACs on lower eukaryotes, where the human Glu 230 residue is not conserved. Therefore, further in vivo confirmation of these observations will be required to prove beyond doubt that STACs action can be attributed solely to SIRT1. Among all STACs, resveratrol has probably been the one receiving most attention. Resveratrol, a natural polyphenol, was identified a decade ago as a direct activator of SIRT1 [96] . A more recent screen for other possible small molecular SIRT1 agonists led to the identification of a second batch of compounds, among which the best characterized is SRT1720 [97] . Mice administered resveratrol or SRT1720 show a number of features in common with SIRT1 transgenic mice. Most notably, they are protected against HFD-induced glucose intolerance and display enhanced mitochondrial function [6, 7, 98, 99] . Both compounds significantly prevented the decrease in lifespan prompted by HFD [6, 7] . However, some indications cast a shadow of doubt on the specificity of these compounds on SIRT1. SRT1720, while being a dramatically more potent SIRT1 activator in the in vitro assays, required similar doses to those of resveratrol to achieve health benefits. Also, the effects of STACs on energy metabolism were more marked than those observed in SIRT1 transgenic models. For example, both compounds largely prevented HFD-induced obesity [98, 99] , an effect never observed in SIRT1 transgenic mice [4, 5] . Similarly, both compounds had major effects on skeletal muscle physiology, allowing mice to run longer on a treadmill test when used at relatively high doses [98, 99] , while SIRT1 overexpressing mice do not run longer than WT littermates (Boutant M, Canto C, unpublished observations). A possible explanation for these discrepancies relies on the ability of these compounds to activate other pathways [1, 6, 99, 100] . Nonetheless, resveratrol has been reported to directly bind a number of transcriptional regulators (see [101] for review) and components of the mitochondrial respiratory chain [102] , leading to decreased ATP production and, consequently, higher AMPK activity [103] . In fact, many studies suggest that resveratrol requires AMPK to activate SIRT1 and achieve health benefits in in vivo settings [46, 104] , at least in the doses most commonly used in animal studies [9] . Indeed, AMPK activation through other pharmacological means has provided very similar outputs to those described for STACs, such as enhanced endurance capacity [105] and amelioration of glycaemic profiles upon high-fat feeding or in genetic models of obesity [106] . Given the fast generation of a constellation of genetically-engineered mouse models, pharmacological inhibition of SIRT1 has not been studied systematically in rodents. The most widely used inhibitor for SIRT1 is EX-527. While metabolic analyses after chronic EX-527 treatment have not been reported, some studies have used EX-527 in a more acute or local fashion. For example, intracerebroventricular injection of EX-527 leads to reduced food intake in rodents, mirroring the results obtained when injecting SIRT1 siRNAs or deleting SIRT1 in AgRP neurons [87, 91] .
8.2. The modulation of SIRT1 interacting proteins SIRT1 activity can also be modulated by affecting its interaction with regulatory proteins. Different groups identified the nuclear protein DBC1 as a protein that forms a stable complex with SIRT1 in vivo and in vitro [107] [108] [109] . DBC1 binds to the catalytic domain of SIRT1, perturbing SIRT1 activity [107, 108] . This interaction is dynamically regulated. Under normal circumstances, around 50% of total SIRT1 in liver is associated with DBC1, but this interaction is essentially lost upon starvation, when SIRT1 activity is higher [109] . In contrast, the interaction was more prominent on HFD, when SIRT1 activity is decreased [109] . It has been recently reported that this interaction can be modulated by phosphorylation events. For example, the interaction between DBC1 and SIRT1 increases following DNA damage and oxidative stress [110] . This is due to the phosphorylation of DBC1 at Thr 454 by the ATM (ataxia telangiectasia-mutated) and ATR (ataxia telangiectasia and Rad3-related) kinases, which create a second binding site for SIRT1 [110, 111] . In contrast, it has been found that activation of the AMPK pathway leads to the dissociation of DBC1-SIRT1 complexes [47] , even though the underlying mechanism is not fully understood. Mice lacking DBC1 display a 2-to 4-fold increase in SIRT1 activity in a wide range of tissues [109] . Consequently DBC1 KO mice share many features with SIRT1 transgenic mice, such as protection against HFD-induced hepatic steatosis and inflammation [109] . However, DBC1 deficient mice still developed diabetes under high-fat feeding [109] , indicating that DBC1 might be affecting additional cellular functions other than those related to SIRT1. Conversely, the active regulator of SIRT1 (AROS) was identified as a positive regulator of SIRT1 activity [112] . The interaction of AROS with SIRT1, presumably with its catalytic domain, enhances SIRT1 activity by 2-fold [112] . The ability of AROS to directly modulate SIRT1 activity, however, has been recently challenged [113] , and no mouse models have been generated in order to test the physiological impact of AROS on SIRT1.
Enhancing NAD
þ availability Most, if not all, experimental strategies designed to alter intracellular NAD þ levels have consistently been shown to influence SIRT1 activity in cultured cell models [1] . Consequently, a number of strategies have been devised to test whether increases in NAD þ availability might translate into SIRT1 activation in animal models. One strategy relied on slowing NAD þ breakdown by the deletion of different NAD þ consumers. PARP-1 is considered to be a major NAD þ consumer in the cell, and its activity can deplete intracellular NAD þ by 70% [114] . The deletion of PARP-1 is sufficient to increase basal NAD þ availability and SIRT1 activity [115] . PARP-1 deficient mice also show a number of phenotypes resembling SIRT1 transgenesis and pharmacological activation, most notably a remarkable protection against HFD-induced insulin resistance [115] . A similar case could be made for CD38, another avid cellular NAD þ consumer [116] . Mice defective for CD38 have increased SIRT1 activity in most tissues, likely due an almost 20-fold increase in NAD þ availability [117] . This confers protection against many of the metabolic complications induced by HFD [117] . However, both PARP-1 and CD38 total KO models display a more pronounced protection against HFD comorbidities than that observed in SIRT1 transgenic mice. For example, both PARP-1 and CD38 deletion prevent body weight gain upon high-fat feeding, while SIRT1 overexpression does not. This could be due to two reasons: first, that these alternative NAD þ consumers affect many processes other than SIRT1 activity and, second, that SIRT1 transgenesis might not reach comparable SIRT1 activity levels as in the PARP-1 or CD38 models, due to NAD þ availability limitations. A second strategy to enhance NAD þ availability consists in enhancing NAD þ synthesis by providing NAD þ precursors or manipulating the expression of NAD þ biosynthetic enzymes. Intraperitoneal injections of NMN are sufficient to raise NAD þ levels in key metabolic tissues and robustly increase SIRT1 activity [118] . After seven days of treatment, a strong amelioration in glycaemic profiles could be observed in HFDand age-related models of glucose intolerance [118] . Parallel experiments demonstrated that NMN prevented fructose rich diet-induced islet dysfunction, likely through SIRT1 activation [119] . Similarly, dietary supplementation with nicotinamide riboside (NR), a natural NAD þ precursor that can be found in food and beverages, also led to a robust elevation in NAD þ levels and enhanced SIRT1 activity in mouse tissues [120] . This was coupled to a marked enhancement of insulin sensitivity, in both chow and high-fat fed animals, as well as increased oxidative capacity and global energy expenditure [120] . Overall, these strategies illustrate how the administration of NAD þ precursors constitutes an excellent tool to enhance SIRT1 activity in vivo and recapitulate the health benefits of SIRT1 overexpression, e.g. a strong protection against insulin resistance and increased oxidative capacity. However, it must be stressed that SIRT1 might be just one of the many mechanism by which NAD þ precursors prompt health benefits in rodents. Experiments using SIRT1 deficient models will be required to evaluate the role of SIRT1 in the actions of NMN or NR. The overexpression of NAD þ biosynthetic enzymes, such as Nampt or the NMN adenylyltransferase 1 (NMNAT1), provides an alternative way to boost NAD þ availability, which generally leads to enhanced SIRT1 activity [121] [122] [123] [124] . In fact, it has been reported that SIRT1 might directly interact with NMNAT1 [123] . Such a complex could potentially channel NAD þ production to fuel SIRT1 enzymatic catalysis, creating a microdomain for the regulation of SIRT1 activity. Supporting this notion, the Slow Wallerian Degeneration (Wld S ) spontaneous mutant mice, overexpressing a chimeric protein that contains the full length NMNAT1 protein, display enhanced NAD þ availability and are protected against streptozotocin-and dietary-induced glucose intolerance in a SIRT1 dependent manner [124] . Interestingly, a recent publication suggests that it might be the metabolites produced by SIRT1-mediated NAD þ breakdown what drive some of the most notable physiological effects, such as lifespan extension in low eukaryotes [125] . The authors propose that the generation of 1-methylnicotinamide from nicotinamide, one of the end-products of the sirtuin reaction, leads to a mitohormetic signal that culminates in worm lifespan extension [125] . Indeed, the blockage of 1-methylnicotinamide production abolished the effects of SIR2.1 overexpression on lifespan [125] . Conversely, supplementation with 1-methylnicotinamide was enough to enhance C. elegans lifespan [125] . While mammalian translation of these findings will be necessary, these results might help calling our attention on the largely underappreciated role of the metabolites derived from SIRT1 catalytic activity as second messengers.
CONCLUSIONS AND FUTURE PERSPECTIVES
In this review we have provided an update on the physiological actions of SIRT1 based on the lessons learned from transgenic mouse models (Tables 1 and 2 ). Most data support the notion that SIRT1 contributes to an efficient adaptation of cellular and organismal metabolism to nutritional and energy status. The activation of SIRT1 can be intimately linked to cellular metabolism by the rate-limitation imposed by NAD þ bioavailability. Furthermore, recent evidence indicates that SIRT1 might not just act as a deacetylase enzyme, but also as an efficient deacylase enzyme for short, Pfluger et al. [4] Banks et al. [5] Similar lifespan as WT mice Herranz et al. [3] Overexpression (moderate) Calorie-restriction like behavior Bordone et al. [8] Overexpression (moderate) Higher susceptibility to atherosclerotic lesions when fed a atherogenic diet Quiang et al. [60] Overexpression (high) Higher muscle mitochondrial content Price et al. [9] Liver Overexpression (adenoviral delivery) Positive regulation of hepatic glucose production and inhibition of lipid anabolism Rodgers et al. [21] Overexpression (adenoviral delivery) Attenuation of hepatic glucose production and insulin resistance in ob/ob mice Wang et al. [20] Muscle Xu et al. [64] Liver Deletion Protection from physiological decline when fed a high-fat diet Chen et al. [18] Alb-Cre; SIRT1 fl/fl (exon 4) Deletion Higher susceptibility for the development of hepatosteatosis Purushotham et al. [9] Alb-Cre; SIRT1 fl/fl (exon 4) Deletion Hepatic steatosis even on chow diet and chronic hyperglycemia Wang et al. [17, 20] Alb-Cre; SIRT1 fl/fl (exon 5-6) Muscle Deletion Normal adaptation to exercise, but not to calorie restriction Schenk et al. [42] MCK-Cre; SIRT1 fl/fl (exon 4) Philp et al. [52] Deletion Defective mitochondrial function Menzies et al. [41] MLC1f-Cre; SIRT1 fl/fl (exon 4) No synergism between resveratrol and exercise on mitochondrial biogenesis
Adipose tissue Deletion Increased inflammation of white adipose tissue, increased adiposity and higher susceptibility to obesity and insulin resistance Gillum et al. [63] FABP4-Cre; SIRT1 fl/fl (exon 4) Chalkiadaki et al. [61] Pancreas Adulthood deletion Disrupted glucose-stimulated insulin secretion Luu et al. [79] Pdx1-ERCre; SIRT1 fl/fl (exon 4) Brain Whole brain deletion Altered behavioral response to caloric restriction Cohen et al. [89] Nestin-Cre; SIRT1 fl/fl (exon 4) Defective control of pituitary hormones
Increased glucose intolerance with aging Deletion in AgRP neurons Decreased food intake and body weight Dietrich et al. [87] Agrp-Cre; SIRT1 fl/fl (exon 4)
Deletion in POMC neurons Hypersensitivity to HFD-induced obesity Ramadori et al. [88] POMC-Cre; SIRT1 fl/fl (exon 4) mid and long-chain fatty acids [126] . This opens a whole new universe for possible SIRT1 functions and emphasizes the intimate link between SIRT1 and fatty acid metabolism. In general, SIRT1 activation is linked to a more efficient use of lipid energy sources and respiratory metabolism. This way, SIRT1 deletion in different tissues often leads to abnormal fat accumulation due to deficient lipid catabolism. The physiological regulation of SIRT1 activity is complex, and impacts on a wide network of substrates whose regulation is not solely controlled by SIRT1 itself. This can explain why initial findings on cultured cell models of SIRT1 overexpression or downregulation have sometimes not clearly mirrored mouse physiology, where changes in SIRT1 activity might be more subtle or subject to temporal control. Another caveat of our understanding of SIRT1 comes from the knowledge inferred through the use of resveratrol or other STACs, whose specificity of action is not fully clear. Overall, the collection of mouse models generated to date, have largely clarified the true scope, role and limitations of SIRT1 actions. First, they established SIRT1 as a key gene for correct early organismal development. Tissue or temporally-controlled transgenic models all converge on the key role of SIRT1 for metabolic efficiency. While the claims of SIRT1 as a "longevity" gene are debatable, the transgenic models indicate that SIRT1 can certainly impact on health and age-related physiological decline in a pleiotropic manner. Interestingly, tissue-specific deletions or overexpression have highlighted how the contribution of SIRT1 to metabolic homeostasis in different tissues is substantially different. A striking case is skeletal muscle, where deletion or overexpression of SIRT1 does not seem to have any major effect on global metabolic homeostasis in the basal state. In contrast, most models for liver-or adipose tissue-specific SIRT1 deletion all converge in altered lipid anabolism or catabolism. It will be important to understand why some tissues are more sensitive to changes in SIRT1 expression than others. Potential reasons for this might rely on different linearity between SIRT1 expression and activity levels, as well as on the tissue-specific cohabitation of SIRT1 with other regulatory proteins.
On the therapeutic side, the administration of NAD þ precursors is rising as a promising strategy to activate SIRT1 and improve glucose homeostasis in insulin resistant profiles. Interestingly, a recent report indicates that NAD þ precursors can enhance healthspan in worms [127] . This perfectly mirrors the observations in mammals and testifies for an evolutionarily conserved ability of these compounds to provide health benefits. Thus, SIRT1 holds its place as an extremely attractive target to improve oxidative metabolism and mitochondrial function which are generally impaired in insulin resistant and aged populations. However, fine-tuned SIRT1 activity might be critical to fully exploit these metabolic advantages. This is epitomized by the pancreatic regulation of SIRT1 activity, where constitutive activation of SIRT1 has been reported to be detrimental for global glucose tolerance. Likewise, while SIRT1 has been shown to be protective against oxidative stress and ischemia/reperfusion in cardiac muscle [128, 129] , enhanced SIRT1 activity in the heart can lead to cardiac failure by promoting dilated cardiomyopathy [129] [130] [131] . Indeed, too much of a good thing might not always be desirable. Critical balances between metabolic benefits and side-effects might need to be struck regarding pharmacological approaches aimed to increase SIRT1 activity.
